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Background:Welders are frequently exposed toManganese (Mn), which may increase the risk
of neurological impairment. Historical exposure estimates for welding-exposed workers are
needed for epidemiological studies evaluating the relationship between welding and neurolog-
ical or other health outcomes. The objective of this study was to develop and validate a multi-
variate model to estimate quantitative levels of welding fume exposures based on welding
particulate mass and Mn concentrations reported in the published literature.
Methods: Articles that described welding particulate and Mn exposures during field welding

activities were identified through a comprehensive literature search. Summary measures of ex-
posure and related determinants such as year of sampling, welding process performed, type of
ventilation used, degree of enclosure, base metal, and location of sampling filter were extracted
from each article. The natural log of the reported arithmetic mean exposure level was used as
the dependent variable in model building, while the independent variables included the expo-
sure determinants. Cross-validation was performed to aid in model selection and to evaluate
the generalizability of the models.
Results: A total of 33 particulate and 27 Mn means were included in the regression analysis.

The final model explained 76% of the variability in the mean exposures and included welding
process and degree of enclosure as predictors. There was very little change in the explained
variability and root mean squared error between the final model and its cross-validation
model indicating the final model is robust given the available data.
Conclusions: This model may be improved with more detailed exposure determinants; how-

ever, the relatively large amount of variance explained by the final model along with the pos-
itive generalizability results of the cross-validation increases the confidence that the estimates
derived from this model can be used for estimating welder exposures in absence of individual
measurement data.
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INTRODUCTION

Fume generated during welding processes is a com-
plex mixture of gases, metal oxides, silicates, and
fluorides. The generation and composition of weld-

ing fume are dependent on a number of factors that
include current and voltage applied (Harris, 2002;
Yoon et al., 2003), welding process performed,
shielding gas used (if any), type and composition of
the fluxes and/or electrodes used, and the type of base
metal being welded. Exposure to welding fume is also
dependent on work practices (number of welders,
posture or position during welding, work speed and
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technique, and use of respirator), the degree of enclo-
sure of the work environment, and the type and effec-
tiveness of mechanical ventilation provided (Stern
et al., 1986; Burgess, 1995; Harris, 2002).

Both acute and chronic health effects due to inha-
lation of welding fume have been well described. For
instance, welders have increased frequency, severity,
and duration of respiratory tract infections compared
to the general population (Howden et al., 1988).
Other respiratory complications associated with
welding include pulmonary function abnormalities,
bronchitis, siderosis, and asthma (Antonini, 2003).
Welding fume has been classified as a possible hu-
man carcinogen by the International Agency for Re-
search on Cancer (IARC, 1990). Exposure to specific
metals in welding fume is also of concern. Iron expo-
sures can lead to siderosis; zinc, copper, and magne-
sium exposures can cause metal fume fever; and
chromium VI can cause severe irritation to the upper
respiratory tract and has also been classified as car-
cinogenic to humans by the IARC (IARC, 1990).

Concerns about exposure to manganese (Mn) have
also increased over recent years (Harris et al., 2005;
Meeker et al., 2007). Mn, recognized as a neurotoxin
since the mid 1800s, is commonly found in welding
fume. Many welders are regularly overexposed to
the American Conference of Governmental Indus-
trial Hygienists (ACGIH) threshold limit value
(TLV) of 0.2 mg m�3. Two studies in industrial
and construction settings estimated that 62% of
welders and 72% of boilermakers, respectively, were
overexposed to the Mn TLV (Korczynski, 2000; Susi
et al., 2000). Furthermore, a study that analyzed
three distinct welding data sets from the United
States Occupational Safety and Health Administra-
tion (OSHA), The Welding Institute, and the Center
for Construction Research and Training reported
mean Mn levels as 0.21, 0.26, and 0.27mg m�3, re-
spectively (Flynn and Susi, 2010). The ACGIH
TLV of 0.2 mg m�3 was primarily set in regard to
neurological effects (ACGIH, 1992), and there is
a reason to believe that these common overexposures
may play a role in the development of parkinsonism.

Multiple case reports and small studies have ex-
amined Mn-exposed welders and have described
parkinsonism signs, such as tremor (Chandra et al.,
1981; Nelson et al., 1993; Discalzi et al., 2000;
Racette et al., 2001; Sadek et al., 2003; Koller and
Lyons, 2004; Josephs et al., 2005; Bowler et al.,
2006a,b, 2007), rigidity (Sadek et al., 2003; Racette
et al., 2005; Bowler et al., 2006b), bradykinesia
(Sadek et al., 2003; Koller and Lyons, 2004; Racette
et al., 2005; Bowler et al., 2006b), and postural insta-
bility(Nelson et al., 1993; Discalzi et al., 2000;

Sadek et al., 2003; Koller and Lyons, 2004; Josephs
et al., 2005; Racette et al., 2005). Some authors have
used the term Mn-induced parkinsonism to describe
these neurological changes (Koller and Lyons,
2004; Hernandez et al., 2006). In addition, in one
clinical report, parkinsonism in welders was deter-
mined to be clinically indistinct from idiopathic Par-
kinson’s disease (PD) with the exception of
a younger age at onset for welders (Racette et al.,
2001). The authors of a case–control study of .2
million death certificates concluded that occupations
involving arc welding of steel were associated with
PD deaths before age 65 (Park, 2005). However,
other epidemiological studies investigating the asso-
ciation between welding and PD have found no clear
relationship (Fryzek et al., 2005; Fored et al., 2006).

A limitation of these studies is that occupational
exposure assessment has typically been minimal,
whereby only current exposures were measured in
cross-sectional studies, or job title or ‘ever employed’
in the industry has been used as the exposure index in
the case reports and case–control studies. This type of
classification is considered the weakest indicator or
approximation of exposure and can introduce a signif-
icant amount of exposure misclassification. True ex-
posure–response associations may then be missed. It
is recognized that additional scientific evidence is
needed to determine the role of welder’s exposure
to Mn or other welding fume constituents might play
in the development of welding-related parkinsonism
or PD. More sophisticated exposure assessment is
needed to aid continued epidemiological work.

In studies assessing retrospective exposures, it is
ideal to have historical quantified measurements on
all study participants. However, in some studies,
such detailed information on past exposures may
not be available or accessible from workplace re-
cords. Estimates of individual exposure must then
be made from other available data sources, including
self-reported exposure information and exposure
values found in the published literature. As part of
an ongoing epidemiological study of parkinsonism
in welders, the objective of this study was to develop
and validate a multivariate model to estimate quanti-
tative levels of welding fume exposures based on
welding particulate mass and Mn concentrations
reported in the published literature.

METHODS

Review of the literature

A Medline search was performed to identify peer-
reviewed publications that provide quantitative
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exposure levels among welders in typical work set-
tings, along with descriptive information allowing
for appropriate interpretation of the exposures. Key-
word search terms, entered singly or in various com-
binations, included welding, Mn, air monitoring, and
occupational exposure. The search included articles
from all years through 2009 and included all English
language journals. However, articles included for re-
view were restricted to peer-reviewed articles writ-
ten in English, in which the authors described field
welding operations and personal air sampling re-
sults. Articles describing studies that used a quasi-
experimental design in which results from normal
field welding operations were compared to results af-
ter introducing supplementary ventilation were also
included for review. Experimental studies were ex-
cluded for review since conditions are typically more
controlled in the experimental setting than during
routine field operations and may not reflect true field
exposures.

Data extraction and database creation

Mean levels of particulate mass and Mn de-
scribed in each article were extracted from the ta-
bles and text and formed the dependent variable
for each ‘observation’ in the data set. Results from
studies that included long-term sampling (minimum
of 6 h) or reported a full-shift time-weighted aver-
age (TWA) were included in analysis of the model
to increase the likelihood that the measurements
were representative of a full-shift exposure. Results
from short-term analyses were not included. Infor-
mation on the welding environment and various
welding parameters was extracted and entered into
a database. Parameters of interest that could affect
or influence exposure levels and comprise the most
common exposure determinants regularly reported
in the supporting literature included year of sam-
pling (or year of publication when year of sampling
was not available), industry, welding process per-
formed, base steel, degree of enclosure, and type
of ventilation used. The type of electrode(s) used,
other hot work processes that occurred during the
sampling period, the sampling filter location, and
sampling duration was also noted. A list of these
variables along with definitions of each can be
found in Table 1.

All concentrations were recorded in milligrams
per cubic meter. The number of samples and the
summary measures reported, including the arithme-
tic mean (AM), standard deviation (SD), geometric
mean (GM), geometric standard deviation (GSD),
and range were also recorded in the database as
available.

Statistical analysis

Model development, validation, and selection. The
natural log of the reported AM particulate or Mn
level was used as the dependent variable in the
model, while the independent variables included
the exposure determinants, as listed in Table 1, en-
tered as categorical variables. Both particulate mass
and Mn concentrations were entered and a binary in-
dependent variable (termed ‘Mn_particulate’) was
created to distinguish between the two analytes.
The coefficient for this variable is interpreted as
the difference between the ln Mn concentration
and the ln particulate concentration—or the propor-
tional increase between Mn and particulate concen-
trations. When both particulate mass and Mn
concentrations were reported from the same sam-
ples, only one outcome was entered. The Mn con-
centration was used unless a larger number of
particulate concentration results were reported for
a particular set of samples. All concentrations were
considered total particulate or total Mn. In the one
case where both total and respirable Mn were pro-
vided (Smargiassi et al., 2000), the concentration
for total Mn was used in the model for consistency
with the other means.

The mean and measures of variance were not re-
ported consistently in the published literature. When
the GM and either the GSD or the range were re-
ported, the AM was estimated using the following
formulas:

If GM and GSD were reported, AM was estimated
by:

AM5GM � ½exp
�
0:5 � ðr2

LÞ
�
;

Where rL 5 ln(GSD) (Aitchison and Brown, 1957).
If GM, minimum, and maximum were reported,

AM was estimated by:

AM5 exp½uL þ ð0:5 � sLÞ�;
Where uL 5 (ln(min) þ ln(max))/2

This represents the midpoint of the log-transformed
minimum and maximum values to give an estimate of
the mean of the log-transformed values.

and Where sL 5 ln(range)/4.
(This represents an estimate of the SD of the log-

transformed values.) (Hein et al., 2008).
Both weighted and non-weighted regression mod-

els were developed. Since the means consisted of
varying sample sizes, a weighted regression using
the inverse of the variance was considered. However,
SDs were not commonly reported and estimating the
SD from other summary measures resulted in high
uncertainty in the SD values. Therefore, similar to
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Hein et al., (2008), the weighted regression was de-
veloped using the sample size of each reported mean
as the weight.

Model building was completed using several
steps. First, a model was fitted to include all avail-
able dependent variables. Next, a reduced model
was built based on backward stepwise elimination
where variables were removed one at a time begin-
ning with the one with the largest P-value until all
remaining variables were significant. Since the pur-
pose of this analysis was for exposure prediction,
rather than hypothesis testing, a P-value of 0.1 was
chosen for the level of significance. To control for
the difference between Mn and particulate, the vari-
able that distinguished between the two was forced
into all models. All two-way interactions of the sig-
nificant variables were tested before the final model

was selected. Finally, since the goal was to develop
a stable predictive model that is generalizable, the
final reduced model was selected based on the results
of cross-validating the model.

A k-fold cross-validation technique was per-
formed whereby, 10 randomly selected, equally
sized mutually exclusive subsets of the data were
identified. The model was then rerun, excluding each
subset once. In each of these 10 trials, natural log
mean exposures for the excluded group were pre-
dicted using the coefficients of the remaining 90%
of the data. This procedure resulted in one out-of-
sample prediction for each observed mean. The
out-of-sample predicted values were then regressed
on the observed dependent variable values and the
R2 and root mean squared error (RMSE) from the
two models were compared. Pearson’s correlation

Table 1. Description of welding particulate and Mn sampling variables available in the published literature that were included as
exposure determinants (independent variables) in multivariate regression modeling

Variable Description/definition

Year Year of sampling or year of publication if sampling year not provided.

Categories: decades, starting with 2009 and working backward.

Industry Type of industry as described or specified by author(s):

Shipyard: any type of ship building or repair located in a shipyard

Construction: construction activities as indicated by authors

Fabrication: fabrication or maintenance of industrial equipment or workshop welding

Not specified: the type of industry was not specified or results were not stratified by industry when
multiple industries were specified.

Welding process Type of welding identified or described by author(s):

SMAW: shielded metal arc welding, manual metal arc welding, stick welding

GMAW: gas metal arc welding, metal inert gas (MIG) welding, metal active gas welding (MAG)

GTAW: gas tungsten arc welding, tungsten inert gas (TIG) welding

FCAW: flux cored arc welding

Not specified: welding process was not specified or results were not stratified by welding process
when multiple welding processes were specified.

Enclosure Degree of enclosure where sampling occurred:

Open: space was identified as an open area or large workshop

Enclosed: space was identified as an enclosed space or space was a small room/environment
enclosed on three sides

Confined: space was identified as confined or description meet confined criteria (e.g. double
bottoms of a ship)

Not specified: space was not specified or could not be determined from description or results were
not stratified by enclosure when multiple enclosures were specified

Base metal As described by authors:

Mild steel: mild or carbon steel

Stainless steel: stainless steel

Both mild and stainless steels: mild and stainless steels were welded together

Not specified: base metal was not specified.

Filter location Where sampling filter was located on study participant:

Inside helmet: filter was placed inside welder protective helmet

Outside helmet: filter was placed outside welder protective helmet, commonly on lapel

Not specified: filter location was not specified.
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coefficients were also computed to evaluate the asso-
ciation between observed and cross-validation pre-
dicted exposure levels. All data analysis was
performed in Stata 11.0 (StataCorp., College Station,
TX, USA).

RESULTS

The Medline keyword searches resulted in 27
studies that met the established criteria (character-
ization and measurement results of field, steel weld-
ing processes, and published in the English
language). One article was excluded because only
area samples were reported and two were excluded
because mean exposure levels were not reported.
An additional article was excluded because it pro-
vided only one sample and the representativeness
of the work environment of that sample could not
be determined. Four additional studies fitting the in-
clusion criteria that were not identified through Med-
line were found by their reference in other articles
(Korczynski, 2000; Flynn and Susi, 2010). Means
from a total of 27 studies were included in the model
presented here. A summary of the 27 studies, includ-
ing specific exposure determinants and summary
measures of exposure levels, can be found in the
Supplementary Table SI, available at Annals of Oc-
cupational Hygiene online. The publication years
ranged from 1967 to 2009. Approximately 85% of
the particulate results were published prior to 1999,
and 70% of Mn sampling results were published be-
tween 2000 and 2009. A total of 60 means, including
33 particulate and 27 Mn means, from these studies
were used in the multivariate regression modeling.
Five of the included arithmetic Mn means were esti-
mated from their published GM and GSD (n 5 2)
or GM and range (n 5 3) (See Supplementary Table
SI available at Annals of Occupational Hygiene
online). A total of 1957 samples, including 996 par-
ticulate and 961 Mn samples, were represented in
these means. Table 2 includes a summary of the
welding particulate and Mn means stratified by the
exposure determinants available in the source publi-
cations.

Due to the large variation in samples sizes (2–209)
represented by the included means, the weighted
model gave very little weight to mean levels with
smaller sample sizes. Nevertheless, the sample-size
weighted and non-weighted models indicated little
to no change in parameter estimates or measures of
fit so the non-weighted model was selected. Table 3
presents measures of fit and cross-validation results
for the model selection process. The full model
(Model 1) with all predictor variables explained

86% of the variance (adjusted R2 5 0.77) in mean
Mn and particulate exposures. The backward stepwise
model (Model 2) included the variables that were sig-
nificant in the full model, which included the
Mn_particulate, welding process, enclosure, base,
and year. Mn means were not available in the first de-
cade represented in the dataset and were largely not
available until the most recent decade; therefore, year
was removed from the model. Once year was re-
moved, base metal was no longer significant (model
not shown) and was then also dropped from further
consideration. Ventilation as a block was not signifi-
cant in the full or backward stepwise reduced model.
However, since the type of ventilation used was ex-
pected a priori to influence welding exposures, venti-
lation was added back into the model (Model 3). All
two-way interactions were tested, and there was a sig-
nificant effect for the interaction between welding
process and ventilation (Model 4). To achieve a more
parsimonious model, ventilation and the interaction
term for welding process and ventilation were re-
moved for a model that included Mn_particulate,
welding process, and enclosure (Model 5). Parameter
estimates for both models, the one with the interaction
term (Model 4) and the more parsimonious model
(Model 5), are presented in Table 4.

Although there was some reduction in the R2 be-
tween the fitted and cross-validated models, the dif-
ferences in model fit were lowest for Model 5, the
reduced model containing Mn_particulate, welding
process, and enclosure. The correlation between ob-
served mean exposures and the cross-validation pre-
dicted exposures were high for all models (data not
shown) but were highest for Model 5 (Pearson’s r 5
0.87, P � 0.001). The variability explained in mean
exposures in this model was 76% (adjusted R2 5

0.75). Parameter estimates for this final model are
presented in Table 4. The coefficient for Mn_particu-
late (3.23) indicates that Mn levels constituted 4%
(95% confidence interval 5 2.1–7.2%) of total weld-
ing particulate mass across studies included in the
model ð1=expð3:23Þ

5 0:04Þ. Mean predicted expo-
sures for welding particulate and Mn based on the fi-
nal model are within a range expected for welders in
these conditions (particulate 5 0.87–29.96 mg m�3;
Mn 5 0.03–1.19 mg m�3).

DISCUSSION

The objective of this study was to build and vali-
date a multivariate model for estimating exposures
for participants in a cohort study examining the rela-
tionship between welding and parkinsonism based
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Table 2. Welding particulate and Mn summary measures by exposure determinants available in the published literature

Variable Particluatea Manganesea

Means, n Samples, n Mean of
means, (SD)b

Range of
means

Range of
concentrations, (n)

Means, n Samples, n Mean of
means, (SD)b

Range of
means

Range of
concentrations, (n)

Industry

Fabrication 13 290 7.48 (10.83) 0.16–37.2 0.05–449.1 (13) 12 146 0.12 (0.17) 0.01–0.57 ,lodd–0.99 (8)

Shipyard 7 324 5.32 (3.69) 2.70–13.0 0.30–112.0 (7) 7 361 0.46 (0.57) 0.06–1.74 0.004–2.67 (4)

Construction 5 204 4.86 (3.13) 1.72–9.33 1.00–37.30 (2) 2 16 0.09 (0.05) 0.06–0.12 0.03–0.30 (2)

Not specifiedc 8 178 1.65 (1.03) 0.63–3.38 0.03–8.67 (5) 6 438 0.37 (0.27) 0.05–0.67 0.003–4.93 (6)

Welding process

SMAW 9 345 4.14 (2.54) 1.72–9.33 0.30–37.3 (6) 15 320 0.16 (0.19) 0.01–0.64 ,lodd–4.62 (9)

GMAW 4 77 2.02 (0.87) 1.01–2.90 0.05–12.00 (3) 2 100 0.38 (0.17) 0.25–0.50 0.007–4.93 (1)

GTAW 4 106 0.72 (0.42) 0.16–1.10 0.06–4.10 (3) 0

FCAW 2 16 15.23 (12.61) 6.31–24.15 1.17–55.46 (2) 1 29 0.05 0.3–0.27 (1)

Not specifiedc 14 452 6.67(9.32) 0.96–37.20 0.30–449.1 (13) 9 512 0.43 (0.54) 0.1–1.74 0.002–2.6 (8)

Base metal

Mild steel 12 338 6.28 (6.14) 1.10–24.15 0.40–112.0 (11) 16 473 0.29 (0.42) 0.01–1.74 0.004–4.93 (11)

Stainless steel 10 308 5.12 (11.31) 0.16–37.20 0.05–449.10 (7) 4 144 0.10 (0.09) 0.01–0.21 ,lodd–0.80 (4)

Mild and stainless 4 272 4.58 (1.28) 3.00–5.80 0.10–37.30 (4) 3 177 0.31(0.29) 0.05–0.64 0.003–4.60 (3)

Not specifiedc 5 78 4.43 (4.89) 0.63–13.00 0.03–70.20 (4) 4 167 0.27(0.47) 0.01–067 0.002–1.56 (2)

Enclosure

Confined 6 236 12.52 (12.43) 4.90–37.20 0.30–449.1 (6) 3 64 0.76 (0.85) 0.21–1.74 0.01–2.60 (2)

Enclosed 4 121 4.38 (3.32) 2.30–9.33 0.70–77.80 (4) 3 24 0.26 (0.27) 0.1–0.57 0.01–0.80 (3)

Open 16 349 3.85 (5.61) 0.16–24.15 0.03–74.40 (16) 15 375 0.13 (0.17) 0.01–0.64 ,lodd–4.60 (10)

Not specifiedc 7 290 2.56 (2.14) 0.96–5.80 1.0–37.30 (1) 6 498 0.35 (0.57) 0.01–0.67 0.002–4.93 (5)

Ventilation

None 13 401 3.64 (1.59) 0.63–6.70 0.30–112.00 (12) 8 121 0.39 (0.57) 0.02–1.74 0.01–2.6 (6)

General 8 114 8.94 (13.89) 0.16–37.20 0.05–449.10 (7) 7 355 0.18 (0.17) 0.01–0.50 ,lodd–4.93 (4)

Local 4 116 3.30 (2.05) 1.99–6.31 0.50–55.46 (3) 5 61 0.06 (0.07)) 0.01–0.18 0.005–0.37 (3)

Not specifiedc 8 365 5.01 (4.71) 0.96–13.00 0.20–88.30 (5) 7 424 0.34 (0.26) 0.01–0.67 0.002–4.6 (7)

Filter Location

Outside weld helmet 8 240 9.34 (11.98) 1.10–37.20 0.05–449.10 (7) 10 108 0.08 (0.11) 0.01–0.33 ,lodd–0.46 (4)

Inside weld helmet 7 126 1.73 (1.08) 0.63–3.38 0.05–449.1 (6) 8 510 0.24 (0.19) 0.05–0.64 0.003–4.6 (7)

Not specifiedc 17 627 3.60 (2.11) 0.16–7.90 0.06–112.0 (14) 9 343 0.48 (0.52) 0.03–1.74 0.004–0.4.93 (9)
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on exposure levels described in the peer-reviewed
literature. The approach presented here is a novel
method for estimating both welding particulate and
Mn mean exposures through the use of one predic-
tion model. Nearly 30 articles described welding en-
vironments and provided field measurements on
welding fume exposures, including Mn. On the ba-
sis of this data, a general model was constructed
that describes and predicts exposures. The model
performs well at predicting mean welding expo-
sures given the available data, though individual
circumstances may deviate from these general con-
ditions, and the specificity with which the welding
environments were described in the literature cannot
be guaranteed. This lack of specificity is a limitation
of the presented model; however, in the context of
epidemiology where no individual or site-specific
measurements are available, this model should be
useful in providing quantitative estimates of weld-
ing particulate mass or Mn in a variety of work set-
tings. For example, if a welder is known to perform
gas metal arc welding (GMAW) [or metal inert gas
(MIG) or metal active gas welding (MAG)] in an
enclosed space, we can take the parameter esti-
mates from Model 5 in Table 4 to estimate a mean
particulate and Mn exposures using the following
equations:

Mean particulate ðmg m� 3Þ
5 exp½�2:72þ 3:23ðMn�particulateÞ

þ 0:45ðGMAWÞ�1:20ðGTAWÞ
þ 1:24ðFCAWÞþ 0:23ðweld not specifiedÞ
þ 0:78ðenclosed spaceÞ
þ 1:65ðconfined spaceÞ
þ 0:55ðenclosure not specifiedÞ�; 1:1

Where �2.72 5 Y intercept, Mn_particulate 5 1,
GMAW 5 1, gas tungsten arc welding (GTAW) 5

0, flux cored arc welding (FCAW) 5 0, Weld not spec-
ified 5 0, enclosed space 5 1, confined space 5 0,
and enclosure not specified 5 0.

The equation is exponentiated since the observed
means were natural log transformed. Therefore,
mean particulate in this scenario 5 5.7 mg m�3.

Mean Mn ðmg m� 3Þ
5 exp½�2:72þ 3:23ðMn�particulateÞ

þ 0:45ðGMAWÞ�1:20ðGTAWÞ
þ 1:24ðFCAWÞþ 0:23ðweld not specifiedÞ
þ 0:78ðenclosed spaceÞ
þ 1:65ðconfined spaceÞ
þ 0:55ðenclosure not specifiedÞ�; 1:2

Where all equation (1.1) values hold true except
Mn_particulate 5 0.T
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Therefore, mean Mn in this scenario 5 0.23
mg m�3. More detailed uses of this model could oc-
cur when information about a welder’s duties are
known. For example, fractions of the calculated ex-
posures could be combined when the percent of
work time performing various welding processes in
various degrees of enclosure is known.

Given that this approach relied on exposure lev-
els reported in the literature, it was subject to a
number of limitations. First, not all studies reported
an AM, and thus, the AM was estimated from the
GM and GSD where necessary. While this introdu-
ces some uncertainty in the estimated AM, it should
not have had a large effect on the model since this
is a valid method of estimating the AM and the
estimated AM’s consisted of ,10% (n 5 5) of the
overall data.

Second, when modeling a mean based on varying
sample sizes, the literature supports a method of
weighting the means proportional to the inverse of
their variances (Hornung et al., 1994). However,
measures of variance were not reported consistently
in the literature, and the SDs were not commonly in-
cluded. An attempt to estimate the SD where neces-
sary from either the range or the GM and GSD were
made; however, this could not be done for several
means due to the lack of reported corresponding
measures of variance. Since multiple methods were
used to estimate the SD, there was a high degree of
uncertainty in the estimated values. Therefore, as
to not restrict the amount of data available and to
avoid this additional source of uncertainty, the sam-
ple size was used. Since the sample sizes varied in
magnitude (2–209), the weighted model discounted

Table 3. Exploratory and cross-validation models of natural log-transformed welding particulate and Mn levels: model selection
process and measures of fit

Model and model selection process Measures of fita

R2 Adjusted R2 RMSE

1: Mn_particulateb, industry, welding process,
enclosure, ventilation, base, year, filter location (full)

Model 0.86 0.77 0.99

All variables were entered to begin model building. Cross-validation n/a n/a n/a

Weld type, enclosure, base, and year were all
significant blocks.

2: Mn_particulateb, welding process, enclosure, year,
base (backward stepwise)

Model 0.81 0.75 1.03

Backward stepwise selection was performed to reduce
the model.

Cross-validation 0.63 0.63 1.26

Year as a block was significant, but particulate means
were overrepresented and Mn means were
underrepresented in earlier time periods. Year was
excluded from further model building. Base was also
removed from further model building because it was no
longer significant after year was removed.

3: Mn_particulateb, welding process, enclosure,
ventilation

Model 0.78 0.73 1.08

Ventilation was added to the model because the trend
for general and local ventilation were in the expected
direction (lower than no mechanical ventilation, local
lower than general).

Cross-validation 0.66 0.65 1.21

4: Mn_particulateb, welding process, enclosure,
ventilation, weld type � ventilation

Model 0.85 0.77 0.99

All interactions were tested and added to the model if
significant.

Cross-validation 0.60 0.59 1.32

5: Mn_particulateb, welding process, enclosure (final
reduced model)

Model 0.76 0.73 1.08

Forward stepwise selection was performed to reduce
the model. After additional model building and cross-
validation was performed, this became the final reduced
model.

Cross-validation 0.75 0.75 1.04

aMeasures of fit: R2 5 multiple coefficient of determination, adjusted R2 5 multiple coefficient of determination adjusted for
number of indpendent variables, and RMSE 5 square root of the variance of the residuals/SD of the unexplained variance.
bMn_particulate 5 the binary variable that differentiates between manganese or particulate mass, coded as manganese 5 0, and
particulate mass 5 1.
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the small n means substantially. Even so, the results
from the weighted and non-weighted model were
very similar and thus, the results from the non-
weighted model are reported.

Finally, the studied welding environments and
processes were not well described in multiple ar-
ticles resulting in missing exposure determinant in-
formation. The type of electrodes used was rarely

Table 4. Regression estimates for two reduced models of welding determinants on mean welding particulate and manganese
levels

Variable Model 4 Model 5a

b SE 95% CI b SE 95% CI

Constant �2.52 0.41 �3.35 to �1.68 �2.72 0.28 �3.28 to �2.16

Mn_particulateb 3.04 0.3 2.42 to 3.65 3.23 0.30 2.62 to 3.83

Welding process

SMAW Ref Ref n/a Ref Ref n/a

GMAW 0.42 1.07 1.75 to 2.59 0.45 0.51 �0.56 to 1.47

GTAW �0.98 1.07 �3.15 to 1.19 �1.20 0.62 �2.45 to 0.048

FCAW �1.88 1.12 �4.16 to 0.39 1.24 0.68 �0.13 to 2.62

Not specified 0.54 0.47 �0.42 to 1.49 0.23 0.34 �0.45 to 0.90

Enclosure

Open Ref Ref n/a Ref Ref n/a

Enclosed 0.32 0.46 �0.61 to 1.26 0.78 0.47 �0.17 to 1.73

Confined 1.53 0.43 0.65 to 2.41 1.65 0.45 0.75 to 2.55

Not specified 0.25 0.39 �0.55 to 1.05 0.55 0.36 �0.18 to 1.28

Ventilation

None Ref Ref n/a

General �0.31 0.55 �1.42 to 0.82

Local �0.98 0.58 �2.16 to 0.19

Not specified 1.41 0.59 0.21 to 2.61

Welding process � ventilation

GMAW � general 0.65 1.34 �2.1 to 3.38

GMAW � local 1.11 1.51 �1.96 to 4.17

GMAW � NSc �1.64 1.34 �4.36 to 1.07

GTAW � general �1.06 1.5 �4.11 to 1.98

GTAW � local n/a n/a n/a

GTAW � NSc �1.03 1.33 �3.74 to 1.67

FCAW � general 4.85 1.58 1.66 to 8.05

FCAW � local 4.19 1.57 1.01 to 7.38

FCAW � NSc n/a n/a n/a

NS � generalc 0.19 0.78 �1.39 to 1.77

NS � localc 0.35 0.96 �1.60 to 2.31

NS � NSc �2.09 0.78 �3.68 to �0.51

N 60 60

F 10.45 20.49

R2 0.85 0.76

Adjusted R2 0.77 0.73

RMSE 0.99 1.08

CI, confidence interval.
aFinal reduced model based on cross-validation results.
bMn_particulate 5 the binary variable that differentiates between manganese or particulate mass, coded as manganese 5 0 and
particulate mass 5 1.
cNS 5 ventilation or welding process was not specified.
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reported in the published literature, and when they
were, the results were not always stratified by the
electrode type. A larger portion of welding fume
can be generated from the flux on welding electrodes
than from the base metal itself, while the metal con-
tent in electrodes can vary substantially by type.
Type of electrode could not be included in the model
due to lack of information, and this prediction model
may have different results if electrode type were in-
cluded. Additionally, several studies sampled multi-
ple welding activities located in varying work
environments without stratifying the results. For in-
stance, authors may have sampled exposures from
shielded metal arc welding (SMAW) and GMAW
processes and/or from confined and open spaces,
but the monitoring results were presented as a com-
bined measure. The results could not be associated
with one determinant or another; therefore, the expo-
sure determinants were given the classification of
‘not specified’. In typical linear regression models,
cases with such missing independent variables would
be excluded from analysis. However, as to not se-
verely restrict the data, a category of not specified
was included for all independent variables. The coef-
ficients for the ‘not specified’ categories should be
interpreted with caution since no distinct exposure
information can be attributed to them. With more de-
tailed information on the welding processes and
work environments, this model may be improved.

There was a trend for time period, with slightly
lower exposures in later time periods, in the full
model; however, there may have been a publication
year bias since 70% of Mn means were published
in the most recent time period (2000–2009). Due
to this uncertainty, year was excluded from the model.
The highest mean Mn exposure (1.74 mg m�3) from
the studies included in the model was from a study
performed in 1981 (Chandra et al., 1981). A plot
of the means (not shown) indicated that except for
this highest Mn mean, there was no significant trend
in Mn exposures over time. Similarly, Flynn and Susi
(2010) demonstrated that Mn personal exposures
from 1978–2008 in a database of OSHA welding
measurements had a ‘fairly stable mean from 1984
until 2008; however, there is some indication of
higher exposures in earlier years’ (p.123). It is possi-
ble that Mn exposures were higher in earlier time pe-
riods, but with an absence of prior Mn data for
inclusion in the model, this could not be determined.
The model indicates that overall Mn accounts for
�4% of particulate mass. If welding particulate is
known for time periods when Mn was not monitored,
a rough estimate of Mn would be 4% of the particu-
late concentration.

Base metal was not significant after year was ex-
cluded. The base steel generally has a smaller role
in fume generation relative to the type/composition
of the electrode used (Howden et al., 1988; Antonini,
2003) so it too was excluded from the model. The
type of industry in which these welding activities
were located was not a significant predictor, indicat-
ing that there are no industry-specific differences in
welding exposures and that the variability in the
task-specific determinants are more important than
the overarching industry.

In contrast to a priori expectations, ventilation
alone was also not a significant predictor of mean
exposures across studies. There appears to be a trend
in mean Mn exposures based on ventilation cate-
gory (Table 3) where mean exposures with general
ventilation were about half of those with no me-
chanical ventilation and the lowest exposures oc-
curred with the use of local ventilation. However,
this trend is not apparent with mean particulate ex-
posures. Although not common, several studies re-
ported the presence of other hot work and/or work
activities occurring in the work environments where
welding exposures were monitored. The presence
of these activities may be partly responsible for
the higher particulate exposures. A 2007 evaluated
the effectiveness of local exhaust ventilation during
SMAW installation of carbon steel chiller pipes and
found that local exhaust ventilation reduced full-
shift TWA Mn concentrations by 53% but reduced
total particulate exposures only by 10%. They con-
cluded that the presence of other sources of partic-
ulate generation in construction settings may be
responsible for the lower reduction in particulate
exposures than for specific fume constituents like
Mn (Meeker et al., 2007). In addition, in Model 4,
there was a significant interaction for ventilation
and welding process, which indicated that local
ventilation may be effective at reducing exposures.
Although exposures may still be high given the
welding process performed. For instance, exposures
from FCAW, which produces large quantities of
particulate (Burgess, 1995; Wallace et al., 2001;
Harris, 2002), with local ventilation were higher
than mean exposures for other welding processes
when general or no ventilation was used. While ap-
plication of effective local exhaust ventilation will
certainly reduce exposures where other conditions
remain the same, we were unable to estimate this
effect from the available literature values. In gen-
eral, estimated exposures ignoring ventilation pa-
rameters are likely valid, while acknowledging the
importance of using ventilation for effective expo-
sure control.
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An interaction between type of enclosure and ven-
tilation used was tested but was not significant. In
a recently published study by Flynn and Susi
(2010), the effect of ventilation on welding expo-
sures was evaluated in two welding data sets with
mixed results. Particulate and Mn exposures were re-
duced by 35 and 31%, respectively, with local ex-
haust ventilation in a Welding Institute data set.
Data from another welding database showed that
mechanical exhaust (general and/or local) was effec-
tive at reducing exposures for pipefitters, but expo-
sures increased for boilermakers working in
confined spaces when general ventilation (blowers
and fans) was added. This further illustrates that
the type of ventilation alone may not be useful in
predicting mean exposures and consideration of
other important determinants such as degree of en-
closure and welding process is important when as-
sessing the effectiveness of different types of
ventilation.

To evaluate whether a prediction could be made
for exposure levels inside and outside a welding hel-
met, the location of the sampling filter was included
in the full model; however, it was not a significant
predictor of mean exposures across studies. As pre-
sented in Table 2, mean exposures for particulate
were higher outside of the helmet than inside. Con-
versely, mean Mn exposures were higher inside the
helmet. Similarly, Flynn and Susi (2010) also per-
formed an analysis of unpaired filter location results
and found that TWA exposures for welding particu-
late were 50% lower when the filter was inside the
helmet and that TWA exposures for Mn were un-
changed by filter location. These results imply that
across these studies, the location of the sampling fil-
ter was not significant in estimating exposures. It
does not imply differences in individual or mean ex-
posures will not be detected when a paired analysis
with a filter inside and outside the helmet is per-
formed. Other experimental studies designed to eval-
uate the differences inside and outside the helmet
have reported mixed results (Goller and Paik,
1985; Liu et al., 1995; Harris et al., 2005; Boelter
et al., 2009). Studies that compare exposures from
paired samples inside and outside the welder helmet
during typical field operations may be needed to
evaluate these factors.

Welding process and degree of enclosure were
both significant predictors of mean exposure levels.
There was little difference between SMAW (refer-
ence category) and predicted GMAW exposures,
but predicted GTAW exposures were much lower
and predicted FCAW exposures were generally much
higher. This is consistent with published sources of

welding process and fume descriptions (Wallace
et al., 2001; Harris, 2002). As expected, predicted
exposures in enclosed spaces were higher than expo-
sures in open spaces (reference category), and pre-
dictions for exposures in confined spaces were
significantly higher than in open spaces.

Cross-validation of all reduced models was per-
formed to evaluate model fit and generalizability of
the model. The method used, k-fold cross-validation,
was chosen because it performs significantly better
for validation of small data sets, such as the one used
for this study, than other methods such as split-sample
validation (Goutte, 1997). Model 4, the model con-
taining an interaction term for enclosure and ventila-
tion that explained 85% of the variance in mean
welding particulate and Mn exposures, could be used
for prediction purposes if this detail on exposure de-
terminants is known for a study group. However,
comparison of the differences in measures of fit (R2,
Adjusted R2, and RMSE) for the reduced models
along with their respective cross-validation models
determined that the reduced model with fewer inde-
pendent variables (i.e. more parsimonious) had the
smallest changes. The other reduced models had
drops in R2 values between 12 and 25%, whereas,
the R2 values for the final model (Model 5) were vir-
tually unchanged. This indicates that the final model
fits the data better than the other reduced models
with additional predictors. The very small change
in R2 and the similar RMSE values for the final
model indicates that the model should be generaliz-
able to other data sets of mean welding particulate
and Mn exposures. The correlation between ob-
served means in the final model and predicted means
from the cross-validation was very high (Pearson’s
r 5 0.87, P , 0.001), offering further support for
the validity of this model.

This model was based on mean field measure-
ments, and therefore, its accuracy depends on the
representativeness of measured results. Predictions
in this study would be high if the purpose of field
monitoring was to identify overexposure issues or
exposures in unusual conditions. Given that a major-
ity of the reported results were sampled in open en-
vironments and various degrees of ventilation were
well represented, it is likely that the welding pro-
cesses and environments that are represented in this
study are typically encountered by the study popula-
tion for which these means will be used in estimating
exposures. In addition, the mean Mn exposure across
studies presented here (0.27mg m�3) is virtually
equal to mean Mn exposures from three separate
welding databases presented by other authors (Flynn
and Susi, 2010), indicating that Mn concentrations
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represented in this model are representative of typi-
cal field exposures. Furthermore, Mn content of
welding fume is commonly ,5% (Harris, 2002),
and the calculations from this model predict Mn to
constitute �4% of total welding particulate. Finally,
the predicted mean exposures calculated with the fi-
nal model are reasonably within an expected range
of exposures for both welding particulate and Mn ex-
posures.

CONCLUSIONS

In summary, it was possible to develop and vali-
date an exposure model for welding particulate and
Mn means based on measurement data reported in
the published literature. Improvements to this model
may be made with more detailed descriptions and re-
porting of exposure determinants. The estimates of
mean exposure developed from this model are not
expected to be as accurate as historical individual ex-
posure measurements of study participants; however,
the relatively large amount of variance explained by
the final model along with the positive generalizabil-
ity results from the cross-validation increases the
confidence that the estimates derived from this
model can be used for estimating welder exposures
in absence of individual measurement data.
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